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Executive Summary
There is an enduring requirement to improve our ability to detect potential threats and discriminate these from the legitimate commercial and recreational activity ongoing in the nearshore/littoral portion of the maritime domain. The Northwest Maritime Information and Littoral Operations (NW-MILO) Program at PNNL's Coastal Security Institute in Sequim, Washington is establishing a methodology to detect and classify these threats -in part through developing a better understanding of acoustic signatures in a near-shore environment.
The purpose of the acoustic data collection described here is to investigate the acoustic signatures of small vessels. The data is being recorded continuously, 24 hours a day, along with radar track data and imagery. The recording began in August 2008, and to date the data contains tens of thousands of signals from small vessels recorded in a variety of environmental conditions. The quantity and variety of this data collection, with the supporting imagery and radar track data, makes it particularly useful for the development of robust acoustic signature models and advanced algorithms for signal classification and information extraction.
The underwater acoustic sensing system is part of a multi-modal sensing system that is operating near the mouth of Sequim Bay. Sequim Bay opens onto the Straight of Juan de Fuca, which contains part of the border between the U.S. and Canada. Table 1 lists the specific components used for the NW-MILO system. The acoustic sensor is a hydrophone permanently deployed at a mean depth of about 3 meters. In addition to a hydrophone, the other sensors in the system are a marine radar, an electro-optical (EO) camera and an infra-red (IR) camera. The radar is integrated with a vessel tracking system (VTS) that provides position, speed and heading information. The data from all the sensors is recorded and saved to a central server.
The data has been validated in terms of its usability for characterizing the signatures of small vessels. The sampling rate of 8 kHz and low pass filtering to 2 kHz results in an alias-free signal in the frequency band that is appropriate for small vessels. Calibration was performed using a Lubell underwater speaker so that the raw data signal levels can be converted to sound pressure. Background noise is present due to a nearby pump and as a result of tidal currents. More study is needed to fully characterize the noise, but it does not pose an obstacle to using the acoustic data for the purposes of vessel detection and signature analysis.
The detection range for a small vessel was estimated using the calibrated voltage response of the system and a cylindrical spreading model for transmission loss. The sound pressure of a typical vessel with an outboard motor was found to be around 140 dB µPa, and could theoretically be detected from 10 km away. In practical terms, a small vessel could reliably be detected from 3 -5 km away.
The data is archived in netCDF files, a standard scientific file format that is "self describing". This means that each data file contains the metadata -timestamps, units, origin, etc. -needed to make the data meaningful and portable. Other file formats, such as XML, are also supported. A visualization tool has been developed to view the acoustic data in the form of spectrograms, along with the coincident radar track data and camera images.
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Introduction
Acoustic data is useful for investigating the acoustic signatures of potential threat vectors in a near-shore environment. In this report we will discuss our on-going data collection in terms of the data acquisition methodology, validation of system performance, and issues of background noise related to small boat acoustics.
Underwater Acoustic Data Collection
The data collection described here consists of acoustic data that is recorded continuously, 24 hours a day, along with radar track data and imagery. The collection began in August 2008, and to date totals over 2 terrabytes representing over 11,000 hours of raw recorded data. Due to the location of the sensing system between the mouth of Sequim Bay and a marina, the data contains tens of thousands of signals from small vessels. The continuous nature of the collection means that a wide variety of environmental conditions are represented. The quantity and variety of this data collection, with the supporting imagery and radar track data, makes it particularly useful in the field of acoustic signature analysis.
Vessel acoustic signature research usually relies on data collected during tests using a research vessel or on data collected by self-contained buoy systems. Buoy systems can be deployed for an extended time period on the order of days or weeks. Although this can produce a reasonable quantity of data over varying conditions, the disadvantage of this collection method is the lack of ground truth. On the other hand, experiments using a research vessel, where many of the parameters are known, are usually of very short duration and provide limited results that may not generalize to other vessels and conditions. Both of these collection methods are valuable; however, the system described here generates the type of data set that facilitates the development of robust acoustic signature models and advanced algorithms for signal classification and information extraction.
Goals of This Report
The goals of this report are to describe the details of the measurement and data collection system, and to present validation results that establish the usefulness of the data for the purposes of investigating small vessel signatures.
1.1
Underwater Acoustic Sensing System
The underwater acoustic sensing system is part of a multi-modal sensing system that is operating at the PNNL Coastal Security Institute (CSI) in Washington, near the mouth of Sequim Bay (see Figure 2 .1). The other sensors in the system are a marine radar, an EO camera and an IR camera. The radar is integrated with a vessel tracking system (VTS) that provides position, speed and heading information. The data from all the sensors is recorded and saved to a central server.
Measurement Hardware
The signal processing chain used for acquiring analog data in the NW-MILO program is illustrated in Figure 2 .2. This example uses a hydrophone for the sensing element but it could also be used with a wide variety of sensors such as microphones or magnetometers. The primary sensing element used is the Teledyne Benthos AQ-1 hydrophone paired with an AQ-201 preamplifier. These are general purpose units typically used for seismic surveys or ocean bottom cables. Both units are packaged together as shown in Figure 2 .3. The specified combined sensitivity of the pair is -175 dB re 1V/µPa (see Section 3 for the operational sensitivity test results).
After the hydrophone signals leave the water they are processed by a custom signal conditioning board. The full schematic is provided in Appendix A but individual components and descriptions are shown in Figures 2.4, 2.5 and 2.6. The final stage is the data acquisition board, the MCC-DAQ 1608HS, which offers true, simultaneous sampling at rates up to 250 kHz for each of the 8 available channels. The selected input range of the 1608HS is +/-10VDC. Only one channel is currently being used on an on-going basis (for the hydrophone), which allows the other channels to be used for test signals to verify the signal processing chain, or for additional sensors.
Figure 2.4. Input protection is provided by R33, D1, and D5 so that the voltage at C13 is clamped to the +/-12 volt rails. D1 and D2 can handle 100 mA peak current, and 100 mA times 47 kΩ = 4700 volts. The filter is a 3 pole Sallen-Key with values chosen to produce a Bessel (near linear-phase) response, resulting in a flat frequency response and minimal phase distortion of the signal. The sharpest possible roll-off filter was not chosen in order to preserve signal fidelity. 
Data Recording Software
A custom application was developed to read the raw output of the DAQ board and write the data to disk. The application provides a graphical user interface for selecting the sampling rate, labeling the recorded channels, and setting the file save interval. The format of the raw data files is given in Table B .1.
The data is also archived in netCDF files, with the structure described in Table B .2. The advantage of netCDF is that it is a standard scientific file format and is "self describing". This means that each data file contains the metadata -timestamps, units, origin, etc. -needed to make the data meaningful and portable. Other file formats, such as XML, are also supported.
Supporting Data and Visualization Tools 2.3.1 Radar Tracks
The radar track data provides vessel speed and heading along with track waypoints at 1 sec. intervals. The speed of a vessel affects the acoustic signature in that a greater engine RPM will produce a higher fundamental frequency, although the relationship between RPM and speed depends on the gear ratio. The speed and angle of approach affect the time-duration of the broadband swath that is characteristic of acoustic data in the presence of a moving vessel. Consequently, the radar track data provides important ground truth that is useful for comparing acoustic signature models to actual data.
Imagery
Camera images are saved for detected acoustic events. The video frames from the cameras are captured continuously at a combined rate of approximately 6 fps and saved as jpeg files in a temporary directory on the server. Three days of images are available at any given time; images older than three days are deleted. Periodically, a script processes the last hour's acoustic data in order to detect the signals of vessels. A detected signal is called an event, which has a start time and an end time. For each event, all the captured images that correspond to the time of the event are moved to permanent storage. Imagery is a source of ground truth from which a vessel's size, hull style and engine type can be estimated.
Visualization Tools
A visualization tool has been developed to view the acoustic data in the form of spectrograms, along with the coincident radar track data and camera images (see Figure 2 .7). The user can select a time period of interest and then display all the radar tracks and detected events (see Section 2.3.2) from that time period. The radar tracks are plotted on the map and listed by ID in the main window. When a track is selected in the list, it is drawn in red on the map and the summary information for the track is shown. The detected events are listed by start time; when an event in the list is selected, the images saved for the event are shown in the main window with a slider bar for browsing through them.
2.4
The spectrogram tool allows the user to choose an arbitrary start time and duration for the acoustic data, which defaults to the start time of the currently selected event. The user can adjust the parameters of the spectrogram, such as window size and frequency band. The resulting image can then be saved. Using this tool ensures that the spectrogram images are consistently labeled and scaled to facilitate visual and analytic comparisons.
Figure 2.7. The ViewData visualization tool facilitates matching acoustic signals to vessels by displaying spectrograms, radar track data and camera images for a user-selected time period.
2.5
Data Validation
In order to characterize the acoustic signatures of small vessels, a dataset must meet the following requirements.
1. The data is sampled at an adequate rate to contain the frequency band of interest, which for small vessels is up to 2 kHz.
2. The system is calibrated so that signal levels can be converted to sound pressure levels.
3. The average level of the background noise is low enough that small vessel signals can be detected and characterized in terms of harmonic content.
4. The range of the system is such that the signal from a vessel is present for an adequate amount of time to apply harmonic detection and tracking algorithms.
The last two requirements are qualitative rather than quantitative because they are highly dependent on vessel speed, type of engine, sound propagation conditions, as well as the types of algorithms employed for detection and analysis. The best that can be done here is to characterize the background noise and sound propagation so that estimates can be made regarding the sound level at the sensor for a given source level and range.
The first requirement is met because the data is sampled at a rate of 8 kHz. The remainder of this chapter addresses the other requirements. Throughout this chapter, spectrograms were produced with the parameters given in Table 3 .1.
System Calibration
Calibration is important because it allows recorded voltages to be converted to sound pressure, a universal measure that is independent of a particular sensor. It is also important to verify that the sensitivity of the sensing system is appropriate for the range of expected measurements -if the system is too sensitive then saturation occurs, and if the system is not sensitive enough then signals are missed. The system was calibrated using a Lubell 9162 underwater speaker (see Figure 3 .1). The speaker was first deployed off the dock at a depth of about 2 meters. A series of test signals was generated by driving the speaker at a known input voltage and and frequency for a period of 30 sec. The sound pressure (SP) of each emitted test signal was calculated using The raw recorded data corresponding to the test tone times was converted into voltage values in the range [-10 10] . Then the data was transformed into the time-frequency domain as a spectrogram. A visual inspection of the spectrogram deemed whether the recorded tone was clean or corrupted by broadband noise from a passing vessel. Only clean data was used (see Figure 3. 3). Then the receive voltage response (RVR) was calculated as
where V rcv is the average voltage level over the time that the tone was present. The results of the calculations for each of the test tones is given in Table 3 .2.
The RVR of the system was found to be -178 dB re 1 V/µPa, which is an appropriate sensitivity for recording the signals from small vessels. The manufacturer specification for the Benthos AC-1 hydrophone is -201 dB re 1 V/µPa at 20 C water temperature, constant over 1 Hz to 10 kHz. Since the signal conditioning board has 20 dB/V gain and the preamp has 26 dB/V gain, this means that the hydrophone itself has a sensitivity of about -219 dB re 1 V/µPa. Possible explanations for the discrepency is that the water in Sequim Bay is considerably colder than 20 C, probably closer to 8 -10 C, and the rubber tubing enclosing the hydrophone may be attenuating the received signal.
Background Noise
The primary noise source is a pump inlet that runs continuously just south of the dock where the hydrophone is deployed. During a recent test, the pump was turned off for approximately 30 minutes so that its effect on the hydrophone data could be analyzed. A spectrogram of the time before and after the pump was turned off is shown in Figure 3 .4; the pump generates a slight increase in spectral level across the measured frequency band and also produces strong tonals at 240 Hz and the first two harmonics.
Other noise sources are wave action against the dock pilings and seawall, and strong tidal currents. During periods of strong tidal flow, when current moves as fast as 1.5 m/s, or approximately 3 knots, the acoustic data can contain narrow time duration broadband noise. In Figure  3 .5, spectrograms from 23 July 6:00 (peak flow) and 23 July 12:00 (low flow) illustrate the effect of the current on the hydrophone data. Both spectrograms contain the signal of a passing vessel; even during the time of strong current flow when the data is noisy, the levels of the vessel's tonals are still above the noise.
To fully characterize the background noise, a more extensive study is needed. The noise is nonstationary, which is typical in a near-shore marine environment. However, it is concentrated in the lower frequencies and does not pose an obstacle to using the acoustic data for the purposes of vessel detection and signature analysis. In fact, the presence of the noise provides a realistic test bed for algorithm development.
Underwater Sound Propagation
Underwater sound propagation is affected by many factors, including the shape and composition of the bottom, water temperature and salinity. Our underwater sensor is deployed about 6 meters off the dock at PNNL-Sequim at a mean depth of approximately 7 meters. The local water The portions of the data to use for the calibration were selected by visual inspection of these plots to identify where the level of the tone was fairly constant.
3.4
Frequency, Hz depth and landmass features can be seen in Figure 3 .6, the principal being Travis spit which juts westward forming the northern boundary of Sequim Bay. All vessel traffic into and out of the bay, therefore, travels around the end of the spit and passes within 0.5 km of the sensor.
Acoustic underwater signal attenuation is modeled as spreading and absorption. As a sound wave travels over distance, the energy it contains spreads out in all directions (spherically). The spreading will be more cylindrical when it is limited by the water surface and/or bottom as in shallow waterways. Absorption is the loss of energy due to conversion into heat; this loss is only significant for very high frequency sound.
The model for transmission loss (TL) is
where β is the spreading function, α is the absorption term, f is frequency, r is distance in meters, T is water temperature in C, and S is salinity in ppt.
The spreading function can be spherical, cylindrical or a mixture of the two. For this location, the fairly shallow water depth (see Figure 3 .7) indicates that the cylindrical spreading model is most appropriate for distances greater than about 12 meters (two times the average water depth). The contribution of the absorption term for distances less than 10 kilometers is negligible relative to the spreading term, and so can be ignored here. The transmission loss model is then TL(r) = 10 log 10 (r) (3.4)
The data segment used for the transmission loss analysis was generated by the SAFE boat towing the Lubell speaker away from the hydrophone along the track shown in Figure 3 .7. The source range from the hydrophone increased from about 10 to 170 meters. The transmission loss analysis results are shown in Figure 3. Figure 3.5. The upper spectrogram is from a time when the tidal current was at its peak; the lower spectrogram is from later the same day when the current was weaker. The signal of a passing vessel is evident between 6:00 and 6:01, and between 12:02 and 12:03.
3.6 ably well with the model, although the level seemed to fall off a bit more quickly than the model after about 80 meters. This could be due to deviations in the actual boat track from the planned course.
Detection Range
To estimate the detection range of a vessel with a given sound pressure, a minimum detectable signal must first be defined. Based on empirical evidence produced by applying a detection algorithm to the NW MILO data, the signal at the receiver must be at least 100 dB µPa. So the detectable range as a function of source level, using the cylindrical spreading model, is S min = SL src − 10 log 10 (r max ) 100 = SL src − 10 log 10 (r max ) 10 log 10 (r max ) = SL − 100 r max = 10 (SL−100)/10 (m) (3.5)
Our data contains instances of a small vessel with an outboard engine that produces a signal around 126 dB µPa at the sensor. 
